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ABSTRACT 
Small strands and bundlcs of strands cxtcnd from thc outsidc surface of suspension-culturcd 
cells of Daucus, Ipomoea, and Phaseolus into the medium. This fibrous ccll coat is prcsent in 
all samples from various growth  stages but  appears to  incrcasc in quantity  in  the  order 
Ipomoea <  Phaseolus <  Daucus. The bundles are often many microns in length and display 
great variation in frequency, size, and form. Identification of the composition of the strands 
and bundles as lignin is consistent with the following observations: alkaline  nitrobenzene 
oxidation of the strands to compounds which resemble monomers of wood lignin; resistance 
of the  strands to pronase,  trypsin, pectinase, and  lipase; strong irreversible adsorption of 
heavy  metals;  deposition  of silver granules  by  treatment  with  silver  nitrate-hexamine 
reagent; extraction of the bundles with aqueous dioxane (Bj6rkman procedure); presence 
in quantity of a structured form of Klason lignin; and existence of material giving a positive 
test with the Wiesner reagent.  Large individual strands  (lignofibrils) from Phaseolus show 
the form of a fiat ribbon with very thin branches at irregular intervals. This form does not 
vary with preparatory techniques,  although its electron opacity does.  Intercellular spaces 
display considerable structure  and sometimes contain sheets of fibrillar material merging 
with both the middle lameUa between the cells and the surface bundles facing the medium. 
These  sheets  are probably another form of association of the lignofibrils. It is suggested 
that  natural fibrous lignin  may  be  a  much  commoner  component  of  plant  tissue  than 
suspected  hitherto. 
INTRODUCTION 
The  external  surface  of cell walls of plant  cells 
grown in culture has not been studied extensively 
with  the  electron  microscope  (Halperin,  1969), 
but there is an increasing interest in the growth of 
plant cells in suspension culture which requires a 
knowledge of cell-cell and cell-milieu interactions 
(Steward,  1970;  Halperin,  1969).  Clearly,  em- 
bryogenesis in plant cell cultures is dependent upon 
the formation of cell contacts, cellular aggregates, 
and "intercellular glue," concepts well developed 
in  the  literature  of animal  embryology  (Curtis, 
1967).  Again,  the  secretion  of  high  molecuhir 
weight  polymers  into  liquid  media  by  cultured 
ceils  (Aspinall et  al.,  1969;  Olson  et  al.,  1969) 
presents  the  major  problem  of  how  a  distinct 
structural barrier, the cell wall, permits the exit of 
large molecules. The various aspects of transport 
in  this barrier are rarely considered in  the  liter- 
ature  despite the known  presence  of enzymes  in 
the  wall  (Knox  and  Heslop-Harrison,  1970; 
Newcomb,  1963)  and examples of fibrillar, poly- 
meric material deposited external to existing walls 
(Probine,  1965; Beer and Setterfield, 1958). From 
a  third point of view, research on cell fusion with 
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facilitated  by  a  greater  knowledge  of the  mech- 
anism  of  enzyme  penetration  of  walls,  because 
present methods are limited to those species which 
can withstand enzymatic wall digestion (Keller et 
al.,  1970). Finally, future studies of the penetration 
of  cultured  plant  cells  by  pathogens  (Cocking, 
1970;  Braun  and  Lipetz,  1966)  will  require  a 
better knowledge  of the  cell  surface  encountered 
by the pathogen.  Thus a  better understanding of 
the  cell  wall  of plants  and  especially  its external 
surface is necessary. 
This paper describes the form and general com- 
position  of a  newly recognized  component of the 
external  cell  wall  surface  of  cultured  cells  of 
Phaseolus vulgaris vat. red kidney bean, Ipomoea sp., 
and Daucus carota. It  also  suggests  that  this com- 
ponent  may  be  of  considerable  importance  in 
ordinary plant tissues. 
M:ATERIALS  AN'D  METHODS 
Cell Culture 
All three cell lines were isolated by the technique of 
Veliky  and  Martin  (1970).  The  isolated  ceils were 
cultured in a "V" fermenter using basal medium 67-V 
(Veliky and Martin,  1970)  which is a  modification of 
the  PRL-4-C  medium  of Gamborg  (1966)  used  to 
study aromatic acid  metabolism. The growth stages 
examined from each of the cultures were as follows: 
Phaseolus, from a  freshly inoculated culture and from 
a  culture  in  exponential  growth;  Ipomoea, from  a 
culture entering exponential growth and from one in 
full exponential growth; Daucus, from a freshly inocu- 
lated culture. 
Microscopy 
Cells and cell clumps  taken directly from culture 
were fixed for l hr at room temperature in 6% glutar- 
aldehyde  at  pH  7  in  0.01  M phosphate buffer con- 
taining 0.4  M sucrose  (Sabatini et  al.,  1963).  They 
were  then  washed  in  buffered  sucrose  solution, 
followed by buffer solution, and finally pnstfixed for 
3.5 hr at 0°C. Pnstfixation was either by I% osmium 
tetroxide in 0.05 M phosphate buffer at pH 6.8 or by a 
filtered, saturated solution of ruthenium red  (British 
Drug  Houses,  Ltd.,  Poole, Dorset,  England)  in 0.05 
M phosphate buffer at pH 6.8 containing 1% osmium 
tetroxide.  Fixatives were prepared immediately before 
use. After postfixation the samples were washed with 
cold buffer and dehydrated by methanol, methanol- 
propylene oxide, and propylene oxide. 
Embedment  was  in  Epon  (Luft,  1961).  Sections 
were  cut  on  a  Porter-Blum  MT-2  ultramicrotome 
with a diamond knife and collected on gold grids. All 
sections except those treated with  the silver reagent 
were  poststained  for  60  rain  with  uranyl  acetate 
(Watson,  1958)  followed  by lead  citrate  (Reynolds, 
1963) for 30 min. Observations and photographs were 
made with a Philips 200 electron microscope at 40 kv. 
General Cytoehemistry 
The  silver  nitrate-hexamine  technique  of  Swift 
(1968) with the precautions of Thompson and Colvin 
(1970)  was  used  for  the  localization of disulfide or 
aldehyde  groups  on  unstained  pale-gold  sections 
mounted directly on gold grids without a  supporting 
film. The technique was also used for sections which 
previously had been oxidized by 1% aqueous periodic 
acid for 20 min at room temperature. All grids were 
subsequently  rinsed  for  30  min  in  distilled  water 
(Rambourg and Leblond, 1967). For this phase of the 
study,  all  work  was  done  on  glutaraldehyde-fixed 
material  without  postfixation and then repeated  on 
samples which had also received a  postfixation in the 
osmium-ruthenium solution. 
Enzyme  Cytochemistry 
Unfixed  cells  and  cell  clumps  of Phaseolus were 
digested  in  separate  experiments  by  the  enzymes 
pronase,  trypsin, pectinase,  and lipase.  Immediately 
after digestion the cells were centrifuged, the enzyme 
solution  was  decanted,  and  the  pellet  was  washed 
three times with buffer solution and fixed as described 
above. Comparisons were made between ceils which 
had  been  digested  by  enzyme  solutions  and  those 
which were treated for the same time, under the same 
conditions,  by  an  enzyme solution which  had  been 
heated for 20 roan in a  boiling water bath.  The  ac- 
tivity of the native enzyme solutions and the inactivity 
of the  heated  enzyme  solutions was  verified  before 
each experiment with appropriate substrates. 
In each experiment 1 g of wet cells was added to 10 
ml of enzyme preparation. The cells were digested by 
0.5%  pronase (Streptomyces  griseus, protease  B  grade, 
Calbiochem, Los Angeles, Calif.) for 1 hr at 37°C in 
0.05  M citrate  solution  at  an  initial pH  of  7.4;  by 
0.5%  trypsin  (Worthington  Biochemicals  Corp., 
Freehold, N. J.), twice recrystallized, for 3 hr at 37°C 
in 0.01  M phosphate buffer at pH  7.7;  or with  1% 
pectinase (Nutritional Biochemicals Corp., Cleveland, 
Ohio) for 24 hr at room temperature (~-~25°C) in 0.01 
ra phosphate buffer with an initial pH 5.8. Digestion 
by lipase (Steapsin, Difco Laboratories, Inc., Detroit, 
Mich.) was carried out for 1 hr at 37°C with a  prep- 
aration  made up  according  to  the following proce- 
dure : 250 mg of the Steapsin sample was suspended in 
5 ml of 0.9% NaC1 and then centrifuged at 40,000 g 
for 30 min. 2 ml of the supernatant was diluted to 10 
ml with 0.05 M sodium citrate solution at pH  7.2  to 
give the lipase solution for direct use. 
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Lignin was prepared from unfixed and glutaralde- 
hyde-fixed  Phaseolus cells  by  the  Klason  method 
(Brauns,  1952,  p.  55).  No  difference was  observed 
between the samples derived from fixed and unfixed 
cells.  After preparation  of the  lignin  samples,  they 
were postfixed with  the  ruthenium-osmium  solution 
and prepared for electron microscopy as described for 
general  microscopy.  In  addition,  BjSrkman  lignin 
(Bj6rkman, 1956) was extracted from glutaraldchyde- 
fixed  cells  of Phaseolus. The  residue  of cellular  ma- 
terial was postfixed with the ruthenium-osmium solu- 
tion  and  prepared  for  electron  microscopy  as  out- 
lined for general microscopy. Paper chromatography 
of  the  Bj6rkman  lignin  fraction  was  done  by  the 
ascending  technique using  the following solvents: n- 
butanol-pyridine-water,  l0: 3 : 3;  n-butanol-acetic 
acid-water,  10: 3 : 3. 
Analytical Chemistry 
Cells and cellular aggregates of lpomoea were broken 
by sonication and  the cell wall fragments were sep- 
arated  from  the  cytoplasmic  residues  by  repeated 
differential centrifugation. The cell wall fraction was 
thoroughly  washed  in  water  and  examined  micro- 
scopically for the presence of cytoplasmic residues.  A 
clean sample was  analyzed for amino acid composi- 
tion by the methods of Yaguchi and Perry  (1970).  A 
sample of fibrous material  (see  below) was analyzed 
similarly. 
The fibrillar material was  separated  from calls of 
Ipomoea and analyzed as follows.  The cell suspension 
in the original medium plus  1% glutaraldehyde was 
centrifuged for 2 min at full speed in an International 
clinical  centrifuge  to  sediment  the  majority  of the 
cells.  The decanted supernatant was then centrifuged 
for 5  rain at approximately 7000 g  in a  Sorvall cen- 
trifuge model SS-1, to sediment the remainder of the 
cells.  The  supernatant,  which  had  only  a  trace  of 
Tyndall scattering, was then centrifuged again at full 
speed  (~14,000 g)  for 0.5  hr.  The supernatant  was 
decanted, and the optically clear gel at the bottom of 
the tube was retained. This gel was free of cells when 
examined in the optical microscope and showed only 
the fibrillar material when fixed, postfixed by ruthe- 
nium-osmium,  and examined in  the  electron micro- 
scope. After washing five times with 0.1  M phosphate 
buffer  (Sorcnsen's)  pH  6.8,  the gel was  lyophilized 
and  the  white  fibrous  residue  was  stored  over  an- 
hydrous calcium chloride. 
For examination for the presence of carbohydrates 
the fibrous residue was partially hydrolyzed by 72% 
H~SO4 for 0.5 hr at room temperature,  the acid was 
diluted  12  times by  the  addition  of water,  and  the 
hydrolysis was completed by heating in a scaled glass 
capsule for 4 hr at 100°C. After removal of the sulfuric 
acid  by  the  ion  exchange  resin  Rexyn  203  (Fisher 
Scientific Co.,  Pittsburgh,  Pa.)  and concentration of 
the neutral supernatant,  the sample was examined for 
the  presence  of neutral  sugars  by  descending  paper 
chromatography  using  the solvent,  normal  butanol- 
pyridine-water  (10:4:4),  and  alkaline  silver nitrate 
for detection of reducing substances  (Trevelyan et al., 
1950).  Bacterial cellulose was used as a control fibril- 
lar material. 
For detection of amino acid residues or nucleic acid 
bases the fibrillar material was hydrolyzed in 6 N HCI 
for 16 hr at 100°C in a sealed capsule, the solution was 
evaporated,  and  the residue was  placed  directly on 
paper chromatograms.  For amino acids the develop- 
ing  solvent  was  normal  butanol-acetic  acid-water 
(4:1 : 1), with ninhydrin as a detector. For the nucleic 
acid bases  the developing solvents were 0.1  M phos- 
phate  (pH 6.8)-saturated  ammonium sulfate-normal 
propanol  (100:6:2  v/v)  and  normal  butanol-water 
(86:14 v/v)  (Markham and Smith,  1949).  The posi- 
tion  of the  compounds  was  detected  by  ultraviolet 
absorption. 
For detection of monomers of lignin or lignin-like 
compounds, the fibrillar material was hydrolyzed and 
analyzed  by  the  methods  of  Stone  and  Bltmdell 
(1951).  In addition to the solvents employed by them, 
we used normal butanol-pyridine-water (10:4:4) as a 
developing solvent for the  hydrolysis  products.  The 
position  of compounds  was  detected  by  ultraviolet 
"absorption and by 2,4-dinitrophenylhydrazine. 
RESULTS 
Microscopy 
Cells  of the  three  species  at  all  culture  stages 
tested  showed  a  distinct fibrous  coat  on  the  out- 
side of the wall.  This coat was well developed in 
Phaseolus (Fig.  1)  and Daucus  (Fig.  2)  but weakly 
developed in Ipomoea (Fig. 3 a; 3 b) where sloughing 
of this  layer from the external  portion of the cell 
wall was more evident (Fig. 3 a; 3 b).  In Phaseolus 
and  particularly  in  Daucus the  individual  strands 
of this  fibrous  coat  (lignofibrils;  see  below)  were 
often  associated  to  form  bundles.  These  bundles 
often  extended  many  microns  from  the  cell wall 
surface  into  the  medium  and  displayed  a  wide 
variation in form, arrangement of lignofibrils, and 
frequency.  Many  sections  presented  cell  surfaces 
completely coated with  a  variable  depth  of fibers 
(Fig.  1) while others presented almost no covering 
whatsoever.  In  some  sections,  the  cytoplasmic 
membrane was withdrawn from the inside surface 
of the wall,  probably  by  plasmolysis  during  fixa- 
tion (Figs.  1, 2, 5, 6), but the internal cell damage 
had no apparent influence on the disposition of the 
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general orientation of the fibrils in sections  where 
the damage did not occur (Figs.  3, 8,  10). 
Fig. 4 illustrates the ropelike aspect of one form 
of aggregation of the  lignofibrils but  there  were 
several others. Where two cell wails touched,  the 
bundles had a tendency to form sheets and to fuse 
with the material which would be called the middle 
lamella (Fig.  5)  in ordinary plant tissues.  These 
curved sheets  often formed pockets  in which an 
empty  space  (presumably  filled  with  culture 
medium) was surrounded by segments of a fibrous 
sheath  When two separate cells of a clump were 
found in close  proximity, the  intercellular space 
was  often  modified  by  a  merging  of  the  fiber 
bundles of the two surfaces (Fig. 6). This effect may 
have been simply the result of compression between 
the two surfaces,  but does represent an interesting 
form of structural continuity between plant cells. 
Except for this effect  of compression, there were 
no obvious differences in the disposition of ligno- 
fibrils on the outside of single cells  and between 
cells  in  clumps.  On  sparsely  coated  walls,  the 
lignofibrils  were usually loosely aggregated (Figs.  1 
and 7) or individual, but, when closely aggregated, 
their  bundles  had  a  tendency  to  be  oriented 
perpendicular to the cell surface. 
Individual lignofibrils had  a  distinctive form 
which was  similar in all three  species,  although 
their width varied greatly  (some  examples from 
Phaseolus were noticeably wider). This form did not 
vary with preparatory technique but the electron 
opacity of the fibril did, being weak with glutar- 
aldehyde fixation alone  (Fig.  8)  even when fol- 
lowed  by uranium and lead  poststaining of sec- 
tions. However, postfixafion of cells in the ruthen- 
ium-osmium solution followed  by poststaining of 
the sections resulted in a great increase in electron 
opacity of the fibrils (Fig. 7). Each large lignofibril 
was a flattened band of variable maximum width, 
120A-200A.  The  fiber  branched  at  irregular 
intervals and  the  smallest branches  had  widths 
which  approached  the  resolution  limit  for  sec- 
tioned material  (Figs.  1 and  7).  Occasionally a 
fiber appeared to be split longitudinally (Fig. 7). 
This  bifurcation  and  the  flatness  of  the  larger 
fibers suggests  that  they  may have  a  fasciculate 
internal structure,  but  attempts  to  demonstrate 
this  directly  did  not  succeed.  Nonetheless,  the 
pattern of branching is explicable on that basis. 
A  series  of  electron-opaque,  roughly  circular 
"dots"  was frequently observed  to  be  associated 
with individual  lignofibrils  or aggregations of them 
(Figs.  1,  2, 6,  and 7).  In addition, vesicular ma- 
terial was sometimes seen among the  lignofibrils 
(Fig.  5).  This was  probably contaminating ma- 
terial  that had  become  enmeshed  among  the 
fibrils, Occasionally, another structure which had 
the appearance of a granular smear was associated 
with the fbers  (Fig.  7). 
Because  of their form  and  position, it  was  of 
interest to  see  if the  orientation of the  external 
electron-opaque fibrils had  any correlation with 
that  of similar structures  within the  cell  wall. 
However, such correlations were only general and 
inexact. The dimensions, electron opacity, granu- 
larity, and fibrillar organization of the cell walls of 
all three species were highly variable. Fig. 9 shows 
wall bands of different electron opacity which are 
parallel to the cell surface.  A central band usually 
appeared to be amorphous (Fig. 9 a) but sometimes 
displayed fibers which were perpendicular to the 
cell surface  (Fig. 9 b). Fig. 9 c illustrates a  situation 
in which there is little or no correlation between 
the  orientation of individual lignofibrils and the 
orientation of electron-opaque fibrils in the wall. 
Occasionally,  banding  patterns  were  observed 
which cannot be interpreted by apposition growth 
(Fig.  I0) as conceived by Roelofsen (1965).  Thus, 
at  the  present  time  there  is  no  evidence for  or 
Unless otherwise indicated, all figures were produced from material fixed in glutaraldehyde, postfixed in 
ruthenium-osmium, and poststained with uranium and lead. The symbol W locates the eell wall. The 
symbol E loeates the exterior milieu. The bar represents 1/z except when stated otherwise. 
FXGVRE 1  Fibrous cell coat of Phaseolus. Loosely aggregated fiber bundles extend many microns into 
the culture medium from the external surface of the eell wall. 
FIGVRE ~  Fibrous eell eoat of Daucus. The fibrils extending into the medium are often organized into 
eomplex bundles of considerable order in this species. This particular  cell surface received additional 
treatment as part of another study to increase fibril eleetron opaeity. After the postfixation, the eells 
were soaked for 15 hr in 20% methanol eontaining salts of lanthanum (1.5%), thallium (1%), and tho- 
rium (1%) at room temperature.  Also, 0.5% iodine was added to the absolute methanol portion of the 
dehydration series. 
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~ibrous cell coat of this species usually appears as a  sloughed surface. Note that in Fig. 3  a  a fibrous 
sloughed surface projects into a large intercellular space. In Fig. 3 b there is extensive shedding of the 
fibrous material from the wall into the culture medium. Because the magnification is low in both photo- 
graphs in order to show the sloughing clearly, individual lignofibrils are not well resolved but are evident 
when the photographs are enlarged. 
68  TrtE  JOURNAL oF  CELL BIOLOGY " VOL~E 50,  1971 FI(~URE 4  Ropelike aggregate of Phaseolus lignofibrils. 
69 FIGURE 5  Fiber bundles projecting into the medium from the junction of two cells of a clump of Daucus. 
Note the sheetlike organization of some bundles and the merging of bundles with the "middle lamella." 
These cells received the additional treatment outlined for Fig. 2. 
FIGURE 6  Intercellular space between cells of a loosely aggregated clump of Phaseolus. 
70  THE  JOURNAL, OF  CELL BIOLOGY • VOLUME 50,  1971 FtGURE 7  Loosely aggregated lignofibrils from Phaseolus  showing some individuals of exceptional thick- 
ness at a considerable distance from the external surface of the cell wall (not shown).  Note the bifurca- 
tions, the dot-like structures, and the "granular smears." 
~GUR~ 8  Phaseolu8 lignofibrils  without posttlxation. FxOVR~. 9  Cell wall banding in Phaseolus. (9 a) Typical electron-opaque central band. (9 b) An electron- 
opaque central band with a fibrous substructure oriented perpendicular to the cell surface and presumably 
perpendicular to the cellulose microfibrils. (9 c)  Central band with a fibrous substructure reflecting the 
orientation of the external lignofibril bundles. FIGURE 10  Cell wall banding in Ipomoea. Postfixed only in osmium. 
against  correlation  of deposition of the  external 
lignofibrils with fibers within the wall. 
Cytochemistry 
The foregoing results from microscopy pose the 
question of the composition of the external fibers. 
The  following  observations  help  to  answer  this 
question. 
Hydrolysis  of  the  separated  external  fbers, 
followed by chromatographic analysis of samples 
of 160/~g,  showed no detectable neutral reducing 
sugars (by alkaline silver nitrate, limit of sensitivity 
0.1  #g)  as  a  component  of the  fibrillar material. 
By using bacterial cellulose as a  standard, it was 
established  that  the  content  of  any  particular 
neutral reducing  sugar in  this  material  must  be 
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Comparison of Amino Acid Composition of Protein  (s) 
from Ipomoea sp. Lignofibrils 
and Washed Cell Walla 
Per cent dry weight 
Component  Fibrils  Cell walls 
(Protein)  (5,3)  (5.1) 
Aspartic  0.64  0.44 
Glutamic  0.53  0.30 
Glycine  0.38  0.24 
Serine  0.38  0.49 
Phenylalanine  0.34  0.12 
Valine  0.34  0.22 
Threonine  0.31  0.17 
Alanine  0.31  0.20 
Proline  0.30  0.21 
Hydroxyproline  0.24  1.1 
Lyslne  0.09  0.45 
Cystine -4- cysteine  0.03  0.03 
less than 0.1%. Likewise,  there were no detectable 
nucleic acid bases in a  portion of 600/zg  of the 
hydrolysate of the  external fibers when either of 
the  appropriate  developing  solvents  was  used 
(limit of sensitivity 1 #g).  However,  preliminary 
paper  chromatography  of  the  hydrolysate  for 
amino  acids  showed  the  presence  of  four  faint 
spots  which reacted  with ninhydrin. Subsequent 
quantitative determination of the protein content 
and the amino acid composition of the fibrils and 
washed cell wall fragments from Ipomoea gave the 
results in Table I. These results indicate that, on 
the basis of their hydroxyproline and lysine con- 
tent, the separated fibrils cannot be contaminated 
by more than 20% by cell wall fragments. That 
the  actual contamination is  more than an order 
of magnitude less is shown by the complete absence 
of neutral reducing sugars in the fibrils. Although 
it is an assumption as yet, we suggest that the 5% 
of  protein  in  the  lignofibril samples  represents 
material  from  the  medium  strongly  adsorbed to 
the strands. 
In contrast to  the  foregoing,  chromatographic 
analysis  of  the  products  of  the  alkaline  nitro- 
benzene oxidation of the separated external fibers 
gave evidence for compounds which resemble but 
are not identical with vanillin, 0-hydroxybenzalde- 
hyde, or the monomers of spruce wood lignin. The 
compounds  in  the  hydrolysate  of  the  external 
fibers  did  not  move  at  all  in  petroleum  ether 
saturated with water,  in which vanillin migrates 
but  p-hydroxybenzaldehyde  does  not,  nor  in 
dibutyl ether saturated with water. However, they 
did  migrate  in  the  solvent  normal  butanol- 
pyridine-water  (10:4:4)  in  which  both  vanillin 
and  p-hydroxybenzaldehyde also  move  with  an 
R: of approximately 0.85-0.9. In this  solvent the 
hydrolysate from spruce wood  lignin shows five 
compounds, with R:'s in the order 0.05,  0.1,  0.3, 
0.6,  and 0.9,  detectable both by ultraviolet and 
by  2,4-dinitrophenylhydrazine. In the  same  sol- 
vent,  the  hydrolysate  from  the  external  fibers 
shows four compounds by ultraviolet with R:'s in 
the order 0.3, 0.43, 0.5, and 0.9. However, none of 
these  compounds appear to react as  readily with 
2,4-dinitrophenylhydrazine as  those  from  wood 
lignin, even when they are at the same concentra- 
tion, as judged by ultraviolet. Therefore, although 
it appears that the external fibers are composed of 
compounds  which  are  similar  to  those  derived 
from wood  lignin, the  compounds from  the two 
sources  are not identical. This difference is pres- 
ently under investigation. 
The external fibers  on the outside of the walls 
were not digested by pronase, trypsin, lipase, or a 
pectinase  preparation  which  was  in  reality  a 
mixture of pectinases,  hemicellulases, and  cellu- 
lase. The fibers from cells treated with each of these 
enzymes resembled  the  fibers  on  the  outside  of 
cells which had been treated with boiled enzyme 
solution, despite  the fact  that  the  active enzyme 
had obviously digested parts of the cells. Fig.  11  is 
a  photograph which is typical of all results from 
the  enzymatic  part  of  the  investigation.  The 
external fibers  are clearly visible without percep- 
tible attack  by the  trypsin. This photograph also 
illustrates a  feature of the cell wall found by the 
morphological  studies  which  is  more  clearly 
shown after enzyme digestion. A thin fibrous layer 
often lines the inner surface  of the cell wall, and 
observations on plasmolysed cells, with or without 
enzyme digestion, showed  a  marked similarity of 
form between large individual fibers  of this layer 
and those of the external surface.  In summary, the 
results of enzymatic digestion were consistent with 
the conclusion that the external fibers did not con- 
tain an  appreciable portion of protein,  polysac- 
charides, or lipid polymers. 
It is known that the middle lamella contains up 
to  70%  lignin  (Neish,  1965),  that  lignin bio- 
synthesis by cultured cells has been established by 
tracer  studies  (Gamborg,  1967),  and  that  the 
outside  surface  of cultured  plant cells  has  been 
shown to react positively (White, 1967; Veliky and 
LaRue,  1967) with the Wiesner reagent (Brauns, 
74  THE  JOURNAL  OF  CELL  BIOLOGY •  VOLUME  50,  1971 FIGURE 11  Portion of a Phase,  olus cell after trypsin digestion. Note the similarity between the external 
lignofibrils and the fibrils lining the inner surface of the cell wall. 
FmURE 1£  Phaseolus Klason lignin residues.  (12 a) Variation in residue substructure. (12 b) Note the 
residual strands of linear but indefinite form.  (12 c) Klason lignin residues having the form of a  "col- 
lapsed" cell wall. 
1952).  For  these  reasons,  together  with  the 
analytical and enzyme digestion observations, the 
possibility that the external fibers were composed 
of lignin was seriously considered, despite the fact 
that fibrillar lignin has not been described before. 
Partially  extracted  cellular  material  gave  a 
positive  reaction  with  the  Wiesner  reagent 
(phloroglucinol-HC1) although color development 
required  several  days  of exposure  to  air  in com- 
parison with  several  minutes for  wood  shavings. 
Because  of  the  unexplained  slow  color  develop- 
ment  the  Wiesner reaction  could  not be used  to 
study  lignin localization and  extraction  in  cyto- 
logical  preparations.  Also,  Klason  lignin  was 
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was 30 % of the dry weight of cells after extraction 
in benzene-ethanol,  1 : 1,  for 48  hr).  Examination 
the  Klason lignin  showed  no  surface fibers  (Fig. 
12 a), although there were many "wispy" strands 
of indefinite  form  (Fig.  12 b).  Occasionally,  the 
residues of "collapsed"  cell walls were  observed 
from which strands of material were in the process 
of separating (Fig.  12 c),  as had been found pre- 
viously  for  Ipomoea  tmextracted  cells  (Fig.  3 b). 
Since the Klason method of isolation is known to 
alter lignin  (Neish,  1965)  the  absence of fibers is 
not  surprising. Nonetheless,  all the  Klason lignin 
absorbed  the  ruthenium-osmium  postfixative 
strongly.  In  addition,  Bj6rkman  lignin  fractions 
were extracted from cells of Phaseolus (13 %  of dry 
weight),  and  the  extracted  cell  residues  were 
examined for  the  presence  of the  external fibers. 
Examination of these residues showed only traces 
of degraded external fibers on  the outside of the 
walls (Fig. 13).  Fiber bundles commonly found at 
the surface of the cells in the morphological studies 
were  not  observed  in  the  samples  which  were 
extracted  for  Bj6rkman  lignin. 
The  substances  which  were  extracted  by  the 
aqueous  dioxane  of the  Bj6rkman  method  were 
concentrated  and  examined  by  two-dimenslonal 
paper  chromatography.  As expected,  the  extract 
was  grossIy heterogeneous  but  many  of the  sub- 
stances  absorbed in  the  ultraviolet (2800 A)  and 
'  gave a pink color with FeCI3. 
Recently,  a  modification of the  Gomori silver 
nitrate-hexamine reagent has been used by several 
investigators of plant  cell  walls  for  detection  of 
aldehyde groups  and  disulfide linkages  (Pickett- 
Heaps,  1967 and  1968;  Swift,  1968;  Thompson 
and  Colvin,  1970).  Essentially,  this  reagent  de- 
posits  silver  granules  wherever  an  aldehyde  or 
disulfide group exists. The technique was applied 
to sections of Phaseolus cells, both with and without 
prior oxidation by periodic acid.  When  sections 
were oxidized by periodic acid, both the external 
fibers  and  the  cell  walls gave  a  strong  positive 
reaction  for  aldehydes  and/or  disulfide  groups 
(Figs.  14 a  and  14 b).  Fibrillar sheets  in  inter- 
cellular spaces (Fig.  14 a)  and wall lamellae (Fig. 
14b)  were  displayed  clearly  by  this  procedure. 
When  oxidation of the  sections by periodic acid 
was omitted, the cell walls still reacted strongly for 
aldehyde and/or disulfide groups but the reaction 
of the external fibrous material was very much less 
(Fig.  14 c).  These  results show  that  the  external 
fibrous material contains a  component which can 
react  weakly  with  the  silver  reagent  without 
oxidation by periodic acid but which is capable of 
being oxidized by periodic acid to give many more 
aldehyde groups. This conclusion is consistent with 
the presence in lignin of a  few residual aldehyde 
groups  and  with  the  presence  of other  adjacent 
hydroxyl groups  (or potential adjacent hydroxyl 
groups)  which  can  be oxidized to  free aldehydes 
by periodic acid (Freudenberg and Neish,  1968). 
A more extensive description of cultured plant cell 
surfaces as shown  by the silver nitrate-hexamine 
reagent will be  presented elsewhere  (Colvin and 
Leppard, in press). 
DISCUSSION 
A  fibrillar coating has  been  observed on  the  ex- 
tcrnal  surface  of  suspension-cultured  cells  of 
Ipomoea, Phaseolus, and  Daucus. White  (1967)  has 
also observed a fibrillar material on the outside of 
cultured  plant  cells  (Picea glauca)  in  the  light 
microscope.  While  these  fibrils  adsorb  heavy. 
metals  (and  presumably the ruthenium  salt used 
here)  strongly  and  the  fibers  are  most  easily 
visualized  when  postfixed  with  the  ruthenium- 
osmium  solution,  they  can  be  observed  with 
osmium postfixation alone or without heavy metal 
postfixation, if heavy metal poststaining of sections 
is  employed.  Therefore,  the  evidence  for  the 
presence  of the  material itself or  for  its  fibrillar 
nature is not an artifact produced by postfixation. 
The  fibrils  may  be  single,  loosely  clumped,  or 
associated into bundles, ropes, or sheets. The fibrils 
and/or  their various forms of aggregation some- 
times give rise to structures in the culture medium 
and intercellular spaces which are  quite  compIex. 
In addition, they frequently appear as an extension 
of what  would  be  the  middle  lamella  in  plant 
tissue. 
The composition of these fibrils is indicated to 
be  lignin-llke by  the  following  evidence.  They 
contain about 5 %  protein and little or no neutral 
reducing  sugars or nucleic acid bases.  They  can 
be  oxidized  by  alkaline  nitrobenzene  to  give 
compounds which resemble but  are not identical 
with those from wood lignin. They are completely 
resistant  to  the  action  of pronase  (a  mixture  of 
proteases), trypsin, pectinase  (a mixture of poly- 
saccharidases),  and  lipase.  They  are  partially 
extracted  by  the  aqueous  dioxane  method  for 
Bj6rkman  lignin,  and  substances  in  the  extract 
absorb in the ultraviolet at 2800 A and react with 
75  THE JOURNAL OF  CELL BIOLOGY • VoIJUME 50,  1971 FIGURE 18  Remains of Phaseolus cells after extraction of Bjtirkman lignin. Note the traces of fibriUar 
material on the outside surfaces of cell walls and the absence of fber bundles. 
FiGtra~  14  Phaseolus cell surface  structure  revealed by  the  silver nitrate-hexamine  reagent.  (14  a) 
Sheetlike fiber bundles  in an  intercellular space  after periodate  oxidation.  (14  b)  Wall banding  after 
periodate oxidation. (14 c) Intercellular space, using the silver reagent as a detector of disulfide linkages. 
Note the marked reduction in lignofibrils  as compared with Figs. 14 a and 14 b. 
FeC13.  The  fibrils  absorb  heavy  metal  cations 
strongly,  which  is consistent  with the  presence  of 
negatively  charged  acid  groups  in  lignin.  The 
unoxidized  fibrils  react  weakly  with  the  Gomori 
silver  nitrate-hexamine  reagent  while  oxidized 
fibrils  react  strongly,  facts  consistent  with  the 
presence  of a  few  residual  aldehyde  groups  and 
many potential aldehyde groups in lignin. Finally, 
there is a  physical continuity  between  the  fibrous 
coating and the site of the potential middle lamella, 
THE JOURNAL OF CELL BIOLOGy • VOL~E  50,  1971  77 long recognized as a major region of lignin deposi- 
tion (Wardrop,  1965).  For the above reasons the 
fibrils are considered to be mostly, if not wholly, 
lignin and have been called lignofibrils for  con- 
venience.  This  conclusion is  consistent with  the 
previous work  of White  (1967)  and  Veliky  and 
LaRue  (1967)  who  inferred  from  histochemical 
evidence that  lignin was  a  component of extra- 
cellular material. 
To our knowledge, this is the first description of 
a  natural, fibrillar, lignin-like substance observed 
with  the  electron  microscope,  although  White 
(1967)  reached  a  similar  conclusion  from  ob- 
servations with the optical microscope.  Hitherto, 
lignin has  been considered  an  amorphous,  non- 
fibrillar component of plant cell walls,  except in 
the semantic sense where it may fill in the longi- 
tudinal spaces  between the  cellulose microfibrils 
(Frey-Wyssling,  1964).  However,  the  present 
evidence plus White's observations is that there are 
natural fibrils of a lignin-like  compound in cultured 
plant  cells,  and  this  fact  poses  implicitly  the 
question of whether or not these  lignofibrils are a 
special product of plant cells in culture or whether 
they occur in normal plant tissues. Only more work 
will  answer  this  question. 
Even  if  natural  lignofibrils  are  restricted  to 
cultured cells, their existence poses the interesting 
and difficult problem of the  mechanism of their 
initiation and growth.  Some photographs suggest 
that fully formed lignofibrils may be transported 
across the cell wall, as fibrils of similar appearance 
are sometimes found lining the inner surface of the 
cell  wall  (see  Fig.  11)  and  fibrous  material  is 
sometimes  found  in  the  wall,  oriented  perpen- 
dicular to the cell surface  (see Figs.  9 b and 9 c). 
However, this evidence is not conclusive. 
The use of the  ruthenium-osmium fixative  for 
the present investigation  was based on recent work 
of Luft (1966).  For the cell-surface coat described 
here,  it appears that  the  principal virtue of this 
fixative is  to increase the electron opacity rather 
than  to  improve  preservation.  This  increase  in 
electron opacity probably is related to the stereo- 
chemical  aspects  of  binding  of  ruthenium  red 
which  have  been  discussed  recently by  Sterling 
(1970).  Some aspects  of the lignofibril coat relate 
it  to  the  glycocalyx  (Bennett,  1969) although it 
occurs  at  a  considerable distance  from  the  cell 
membrane and  its  association with  the  polvsac- 
charides and proteins of the cell wall has not yet 
been defined. Other fibrous structures have been 
observed  at  cell wall surfaces,  and they may be 
worthy of future investigation. One of these  is the 
"presumed  cellulose"  fibers  projecting from  the 
surface  of cultured  carrot  cells  as  described  by 
Halperin and Jensen (1967). 
Albersheim et  al.  (1969)  have recently placed 
great emphasis on the  role  of the  cell  wall as  a 
barrier between plant cell  and  pathogen.  If the 
cell  coat described here represents a  wall surface 
structure  which  is  normally found  in  a  highly 
compressed  and  seemingly amorphous  state  in 
intact plant tissue,  then suspension-cultured cells 
afford a unique opportunity for studying pathogen 
penetration of this barrier. Goodman et al.  (1967) 
stress the interaction of plant and pathogen with 
regard  to  intercellular  spaces.  The  structured, 
intercellular material  present  in  clumps  of  sus- 
pension-cultured  cells  provides  a  potentially 
interesting substance for study of aspects  of host- 
parasite  relations.  It  may  help  to  stimulate  the 
development  of  microscope  techniques  which 
place more emphasis on the cell wall matrix,  as 
opposed  to  the  present  technology which  maxi- 
mizes the contrast between microfibril and matrix 
by deliberately degrading the matrix image. 
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